Cold seep communities in the Mediterranean Sea have only been discovered two decades ago, and their trophic ecology has been the subject of very few studies. We investigated the benthic food web of two deep chemosynthesis-based ecosystems on the Napoli and Amsterdam mud volcanoes (MVs) in the eastern Mediterranean Sea (~2,000 m depth). Seeping methane has been detected at the surface of both MVs during pioneering cruises and has been hypothesised to be assimilated by benthic fauna as observed in other oceans' margins. Given the extreme oligotrophic character of the eastern Mediterranean Sea, we a priori expected that chemosynthetic food sources, especially methanederived carbon (MDC), played a major trophic role in these deep seep communities relative to what has been observed in other seep systems worldwide. We aimed at unravelling the trophic relationships on Napoli and Amsterdam MVs through the analysis of carbon, nitrogen and sulphur isotopes both in the dominant benthic invertebrates including the small endofauna (300 μm < size < 1 cm) and in the sedimented organic matter. In particular, we assessed the fraction of MDC in the tissue of several heterotrophic and symbiotic species. Low mean δ 34 S and δ 13 C values (0.4 ± 4.8‰ and −31.6 ± 5.7‰, respectively) obtained for mega-and macrofauna suggested that the investigated benthic food webs are virtually exclusively fuelled by carbon of chemosynthetic origin. A few grazer invertebrates (δ 34 S up to 11‰) depart from this trend and could complement their diet with sedimented and decayed phytoplanktonic organic matter. Faunal δ 13 C values indicated that the oxidation of sulphur is likely the predominant energetic pathway for biosynthesis on both MVs. Nevertheless, mytilid bivalves and small capitellid, ampharetid and spionid polychaetes were 13 C-depleted (δ 13 C < −37‰) in a way indicating they assimilated a significant portion of MDC. For these later heterotrophic species, MDC ranged between 21 and 31% (lower estimates) and 97 and 100% (upper estimates). However, our results highlighted that the origin of assimilated carbon may be complex for some symbiotic species. The vestimentiferan tubeworm Lamellibrachia sp., which exclusively depends on its sulphur-oxidising endosymbionts, showed a ~20‰ inter-individual δ 13 C variability on a very small spatial scale (<1 m) at the summit of Napoli MV. This mostly reflects the variable isotopic composition of pore-waterdissolved inorganic carbon (DIC) and evidenced that tubeworms (and subsequently their endosymbionts) uptake DIC derived from multiple methane oxidation processes in varying proportions. The lower and upper MDC estimates for the vestimentum of Napoli's individuals were 11-38 and 21-73%, respectively. Finally, data on trophic ecology of Napoli and Amsterdam MVs clearly corroborate previous geophysical results evidencing the spatial heterogeneity of Mediterranean MV environmental conditions. mytilid bivalves and small capitellid, ampharetid and spionid polychaetes were 13 C-depleted 36 ( 13 C < -37‰) in a way indicating they assimilated a significant portion of MDC. For these 37 later heterotrophic species, MDC ranged between 21-31% (lower estimates) and 97-100% 38 (upper estimates). However, our results highlighted that the origin of assimilated carbon may 39 be complex for some symbiotic species. The vestimentiferan tubeworm Lamellibrachia sp., 40 which exclusively depends on its sulfur-oxidising endosymbionts, showed a ~20‰ inter-41 individual  13 C variability on a very small spatial scale (<1m) at the summit of Napoli MV. 42
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we a priori expected that chemosynthetic food sources, especially methane-derived carbon 23 (MDC), played a major trophic role in these deep seep communities relative to what has been 24 observed in other seep-systems worldwide. We aimed to unravel the trophic relationships on 25 Napoli and Amsterdam MVs through the analysis of carbon, nitrogen and sulfur isotopes both 26 in the dominant benthic invertebrates including the small endofauna (300µm < size <1cm) 27 and in the sedimented organic matter. In particular, we assessed the fraction of MDC in the 28 tissue of several heterotrophic and symbiotic species. 29
Low mean  34 S and  13 C values (0.4 ±4.8‰ and -31.6 ±5.7‰, respectively) obtained 30 for mega-and macrofauna suggested that the investigated benthic food webs are virtually 31 exclusively fuelled by carbon of chemosynthetic origin. A few grazer invertebrates ( 34 S up to 32 11‰) depart from this trend and could complement their diet with sedimented and decayed 33 phytoplanktonic organic matter. Faunal  13 C values indicated that the oxidation of sulfur is 34 likely the predominant energetic pathway for biosynthesis on both MVs. Nevertheless, 35 mytilid bivalves and small capitellid, ampharetid and spionid polychaetes were 13 C-depleted 36 ( 13 C < -37‰) in a way indicating they assimilated a significant portion of MDC. For these 37 later heterotrophic species, MDC ranged between 21-31% (lower estimates) and 97-100% 38 (upper estimates). However, our results highlighted that the origin of assimilated carbon may 39 be complex for some symbiotic species. The vestimentiferan tubeworm Lamellibrachia sp., 40 which exclusively depends on its sulfur-oxidising endosymbionts, showed a ~20‰ inter-41 individual  13 C variability on a very small spatial scale (<1m) at the summit of Napoli MV. 42
This mostly reflects the variable isotopic composition of pore-water dissolved inorganic 43 carbon (DIC) and evidenced that tubeworms (and subsequently their endosymbionts) uptake 44 DIC derived from multiple methane oxidation processes in varying proportions. The lower 45 and upper MDC estimates for the vestimentum of Napoli"s individuals were 11-38% and 21-46
Introduction 54 55
A few years after their discovery in deep hydrothermal vents, chemosynthetic 56 communities were found on the cold seeps of the Gulf of Mexico (Paull et al. 1984) . Cold 57 seeps are now known to be common habitats along active and passive continental margins 58 worldwide where cold fluids enriched in methane, hydrocarbons, sulfide and other reduced 59 compounds are emitted from the seafloor (Levin 2005) . These reduced compounds are 60 exploited by free-living and symbiotic bacteria which form the basis of complex benthic food 61 webs characterised by various energetic pathways and carbon sources (Brooks et al. 1987 ; 62 Levin and Michener 2002) . The exploration of cold seeps is still in its infancy and the trophic 63 relationships related to these particular deep ecosystems remain poorly described (Levin 64 2005) . Moreover, most of the studies undertaken on cold seep trophic ecology concern the 65 benthic megafauna (size > 1-2 cm) which is often dominated by symbiotic bivalves and 66 tubeworms (Kennicutt II et al. 1992 ; Sibuet and Olu 1998) . Only recently has more attention 67 been paid to smaller endofauna (Van Gaever et al. 2009 ). 68
69
Given the difficulty to reach and sample the deep-sea bottom, the measurement of 70 natural stable isotope abundance in the animal"s tissues remains one of the more powerful 71 approaches to identify the energy and carbon sources of seep-related benthic fauna (see Fisher 72 1990 for review). For instance, this method was used to demonstrate for the first time that 73 marine organisms may assimilate non-photosynthetic food sources (Rau and Hedges 1979) . 74
Indeed, by the use of carbon and nitrogen stable isotopes ( 13 C and  15 N), it is possible to 75 distinguish consumers that assimilate chemosynthetically-derived carbon (more 13 C-and 15 N-76 depleted) from those that rely on phytoplanktonic production (more 13 C-and 15 N-enriched) 77 (Paull et al. 1985; Brooks et al. 1987; Kennicutt II et al. 1992 ; Levin and Michener 2002) . In 78 addition, bacteria that use methane, both as energy and carbon sources, are more 13 C-depleted 79 (usually < 40‰) than sulfur-oxidizing bacteria that fix dissolved inorganic carbon (DIC) from 80 the water column (-35 <  13 C < -27‰) (Paull et al. 1985) . This is due to the fact that methane 81 is (1) much more 13 C-depleted (usually < -40‰) (Whiticar 1999; Milkov 2005 ) than water 82 column DIC (~0‰) and (2) assimilated by bacteria with a small carbon-isotopic fractionation 83 (Alperin et al. 1988) . A large fraction of the seeping methane is consumed in the surface 84 sediment layers of cold-seeps by anaerobic oxidation of methane (AOM) coupled to sulphate 85 reduction (Boetius et al. 2000; Pancost et al. 2000) . These processes occurring within archaea-86 bacteria consortia result in the production of dissolved inorganic carbon (DIC) and sulfide and 87 generate high microbial biomass that can provide a significant supply of methane-derived 88 carbon to heterotrophic bacteria and higher-order consumers. sampling with the ROV provided a unique opportunity to obtain fauna and sediments from a 211 variety of highly specific settings, including readily identifiable methane seeps, colonies of 212 vestimentiferan worms, bivalve beds and carbonate crusts. 213
On Napoli, SOM was collected from the soft sediment of the MV"s summit by the 214 ROV within (PC#1, 2 and 3), 2m away (PC#30) and 5m away (PC#32) from a 215 "Lamellibrachia" microhabitat, within a "Bivalves" microhabitat (PC#4, 5 and 6) and 6m 216 (PC#26) and 22m away (PC#28) from carbonate crusts ( Table 1 ). SOM was also collected with the ROV within a "Bivalves" 231 microhabitat (PC#6, 8 and 10), in the close vicinity of carbonate crusts (PC#13 and 16) and 232 on a "reduced sediment" microhabitat where plumes of bubbles (assumed to be seeping 233 methane) were observed (PC#1 and 3). Mega-and macrofaunal samples were collected at 10 234 sites located at the summit of the MV with the ROV during dive #334 and also, using the 235 USNEL box corer ( Fig. 1C ; Table 2 ). The AIM camera is an autonomous camera deployed 236 during the German M70-3 cruise (on December 2006) on "reduced sediment" microhabitat 237 (Fig. 2D ). The SMAC refers to a colonisation tray also deployed during M70-3 cruise and that 238 was recovered onboard the "Pourquoi Pas?" after a period of 11 months on the bottom ( until no further bubbling occurred (i.e. for less than 1 min), whereas sub-samples devoted to 253  15 N analysis were kept untreated. All samples were lyophilized and homogenized in a fine 254 powder using a mortal and pestle. Sub-samples devoted to  34 S analyses were then re-255 suspended in distilled water, shaken for 5 minutes, centrifuged and the supernatant was 256 discarded. This procedure was repeated twice and the samples were finally dried at 60ºC and 257 re-ground. 258
Sediment samples were freeze-dried, gently ground with a mortar and pestle and 259 sieved on a 100 µm mesh to remove large detritus. A subsample (~500 mg dry weight) was 260 acidified with HCl (10%) drop by drop until the effervescence ceased and dried at 50°C under 261 a fume extractor to evaporate the acid. To prevent the loss of dissolved organic matter (Riera 262 et al. 1996) , sediment samples were not rinsed but rather mixed with distilled water and dried. were generated using a two-source, single isotope mixing model. value obtained for SOM collected on Amsterdam (KGS 22; 0-1 cm) was 0.0 ±2.5‰ (Fig. 4) . 373
No  34 S data were obtained on Napoli. 374 375 A total of 67 samples of benthic invertebrates belonging to 18 species of mega-and 376 macrofauna were collected at the summit of both MVs for stable isotope analyses (Table 2 ; 377 values of fauna were lower than 5‰, except for the skeneid gastropods (11.3‰) and one 385 individual of the trochid Clelandella myriamae (7.4‰). Overall, the mega-and macrofauna 386 exhibited a wide range of  13 C values on both MV (Table 2 ; Fig. 5 ). On Napoli, a specimen of 387 the vestimentifera Lamellibrachia sp. collected at site #2 exhibited the highest  13 C values (-388 17.6‰) whereas a specimen of the mytilid bivalve Idas sp. showed the lowest one (-41.6‰). 389
On Amsterdam, the dorvilleid polychaete was the most 13 C-enriched taxon (-22.9‰) whereas 390 a specimen of the polychaete Spionidae sp. 2 was the most 13 C-depleted (-45.4‰). When only 391 considering the species for which we analysed both sulfur and carbon stable isotopes, there 392 was a significant negative correlation between  13 C and  34 S values (n = 40; r 2 = 0.172; p < 393 0.001). 394
The contribution of methane-derived carbon (MDC) estimated on the basis of  13 C 395 values varied greatly between the different taxa (Table 3) (from 1.2 to 3.2‰; Table 1 ).  13 C values obtained for the "Bivalves" microhabitats were 415 significantly higher in Napoli than in Amsterdam MV (Mann-Whitney U test, p<0.01). On the 416 "Lamellibrachia" microhabitat on Napoli MV as well as on one replicate of the "reduced 417 sediment" microhabitat on Amsterdam MV, SOM was more 13 C-depleted at the sediment 418 surface (first cm) than deeper (9-10 cm) within the sediment (Fig. 3) . However, a different 419  13 C pattern was obtained close to the carbonate crusts on Napoli where SOM was more 13 C-420 depleted in depth than at surficial sediments. This trend was not observed on Amsterdam. 421
The thyasirid Thyasira striata showed lower 
15 N values than all other bivalves (Table  422 2; Fig. 5 ) and the difference was significant when compared with the vesicomyid Isorropodon 423 perplexum and the mytilid Idas sp. collected on both MVs (Kruskal-Wallis test; p < 0.01). T. 424 striata also showed lower  34 S values than the other bivalves (Fig. 4) However, we found a different 13 C pattern within the Napoli MV sediments. Indeed, the 492 lowest  13 C values were obtained for the surficial sediment (0 -1cm) within (or very close to) 493 the "Lamellibrachia" microhabitat, where the oxygenated layer was very thin (<5mm; data 494 not shown), suggesting that AOM may also occur at shallower depths in the sediments than 495 usually thought. Importantly, our results highlighted that SOM represents a very 496 heterogeneous food source for benthic consumers (in terms of carbon origin and organic C 497 content) at the summit of both MV, the organic matter mainly originating from methane at 498 some particular locations and sediment depths. 499
The  34 S value of an animal not only reflects its sulfur source but also indicates, albeit 500 indirectly, the origin of the carbon it assimilates. Thus, marine invertebrates that entirely 501 ). Therefore, we cannot rule out that 13 C-518 enriched local chemosynthetic production contribute to the diet of some heterotrophic 519 invertebrates in our study area. As a result, the contribution of chemosynthetic carbon may be 520 underestimated for the most 13 C-enriched consumers (e.g. one individual of the urchin 521
Echinus sp. and the suberitid sponge Rhizaxinella pyrifera on Napoli, and the skeneid 522 gastropods on Amsterdam). In these particular cases where  13 C and  15 N alone could not 523
clearly distinguish between assimilation of photosynthetic vs. chemosynthetic material,  34 S 524 analysis was helpful to come to a decision. The skeneids collected on the frame of the AIM 525 autonomous camera moored on the top of Amsterdam MV (Fig. 2D) isotope data set. In the case of the sponge R. pyrifera (Fig. 2B) , although its  13 C and  15 N 532 were consistent with a diet mainly based on sinking phytoplanktonic organic matter, its low 533 food source for such deposit-feeding polychaetes. It should be specified that the considered 635 bulk SOM food source may have contained a methane-based and 13 C-depleted living 636 compartment (i.e. microorganisms and meiofauna; Van Gaever et al. 2009) which is likely 637 much more nutritive for small macrofauna than the "dead" compartment (Valentine 2002) . 638
For instance in Kazan MV, where high release of methane has been indentified, isotopic 639 analyses of specific compounds revealed that MDC flows through the microbial community 640 to bactivorous ciliates (Werne et al. 2002) . 641 MDC contribution was much more difficult to estimate for the mytilid Idas sp. 642 because this bivalve is known to harbour sulfur-and methane-oxidizing (among others) 643 endosymbiotic bacteria (Duperron et al. 2008 ) and could be mixotroph (i.e. assimilates carbon 644 by filter-feeding as well) as evidenced for other symbiotic mytilids (Page et al. 1990) . 645
Nevertheless most of the individuals were more 13 C-depleted (<40‰) and more 34 S-enriched 646 
